INTRODUCTION
used the wetting/drying hysteresis as a result of the presence of these ink-bottle pores to 158 determine the pore volume distribution, presented in Figure 2 . 159
160
The thin sections in Figure 3 show that the ooids can be partly detached from the surrounding 161 calcite matrix (Figure 3a) , and that microcracks can be present (Figure 3b ). This type of 162 damage can be explained by the presence of soft cores coupled with partial dissolution of 163 cortical layers, which led to compactional crushing of ooids and shell fragments. This results 164 in a high secondary fracture porosity. Most likely meteoric leaching of parts of the ooids 165 weakened the ooids and allowed collapse of such grains during overburden loading [21] . Institute, Villigen, Switzerland [27] . The TOMCAT beamline gets photons from a 2.9 T 246 magnetic dipole, corresponding to a critical energy of 11.1 keV, generating a closely bundled 247 and highly brilliant X-ray beam. A fixed-exit double crystal multilayer monochromator 248 (DCMM) is used to select X-rays with a photon energy bandwidth of a few percent. In our 249 experiment, the DCMM was set up to obtain a central X-ray photon energy of 32 keV. The 250 TOMCAT X-ray detector was put at a distance of approximately 1 cm from the test chamber, 251 to prevent damaging the detector while cooling or heating of the chamber enclosure. The 252 resulting sample-detector distance was around 25 mm. The X-ray detector consisted of a 20 253 µm thick LAG scintillator able to convert the X-rays into visible light. The light then passes 254 through an optical microscope, gets reflected in a mirror and is finally captured on a 2048 x 255 2048 pixels CCD camera with a 14 bit dynamic range. The microscope configuration, with a 256 4x objective, led to a maximum field of view of approximately 3.8 x 3.8 mm 2 . Each 257 radiographic image was binned at the hardware level (CCD camera) by a factor 2 x 2. The 258 field of view was cropped in order to only focus on the interesting region of our samples. This 259 resulted in radiographic images of 1024 x 664 pixels. The voxel size with this setup is 3.7 µm. filtered to improve the signal-to-noise ratio, using the bilateral filter. The volume-of-interest 313 (VOI) of samples Ds and Dc was defined using the dataset of the samples at the reference 314 state, so that the boundary of the VOI coincides with the outer surface of the sample. The VOI 315 of samples Ws and Cs was defined as a cylinder with radius 3.3 mm, so that the polyimide 316 foil was excluded. The 'artificial pore space' created between the foil and the sample's 317 surface was included in the VOI, as the salt solution also filled this space and salt crystals 318 precipitated there. We characterized the porosity and the connectivity of the samples' pore 319 structure. As the samples are small, the majority of the pores are characterized as pores in 320 direct contact with the outer surface, or connected to the surface via throats resolvable within 321 the spatial resolution of 3.7 µm. 
Salt solution distribution after capillary uptake 334
A horizontal cross section of the sample Ws in its wet state is shown in Figure 7 . This sample 335 has a total porosity of 16%, while 56% of the porosity is occupied by the salt solution after 336 initial wetting. A close-up of its top part is given in Figure 8 . Figure 8a 
Salt crystal distribution after drying 376
Samples Ds and Dc are subjected to repeated wetting-drying cycles. As mentioned above, 377 drying is induced fast by imposing a temperature of 80°C in the test set-up. By doing so, salt 378 crystals precipitate both inside the sample and on the surface of the sample. Figure 9 shows 379 horizontal cross sections of sample Dc after the first, the second and the third wetting-drying 380 cycle with a 5.8 molal sodium chloride solution. A close-up of the three areas marked by the 381 white rectangles is given on the right side. We observe that salt crystals grow on the pore wall 382 of the macropores, i.e. in the secondary moldic porosity, and in the intergranular macropores, 383 they form in the elongated pore spaces, i.e. the secondary porosity originating from the 384 delamination of the ooids, and they form in microcracks that are present in the stone matrix. 385
The locations of the salt crystals correspond to locations where the salt solution penetrated as 386 described in section 3.1. 387
388
The close-up images in Figure 9 clearly illustrate the accumulation of salt crystals with every 389 cycle. The initial total porosity of the sample is 17.1%. After the first wetting-drying cycle, 390 the total porosity decreases to 15%, due to the presence of solid salt crystals. In the second 391 and third cycle, the total porosity decreases to 11.6% and 10.8%, respectively. The 392 accumulation is caused by the continuous increase of salt ions in the pore space with every 393 wetting cycle. We can assume that the loss of ions due to dissolution and transport towards 394 the surface during the rewetting phases was limited, as the salt solution was highly 395 concentrated and only a short wetting time of about 5 minutes was imposed, immediately 396 followed by drying. 397 398 Two main crystallization phenomena are observed. In the macropores, e.g in the hollow ooid 399 magnified in Figure 9 , a salt crust builds up. This crust grows from the liquid film present on 400 the pore wall. Once the crust has formed, it can act itself as a porous medium [37] building up 401 additional layers of salt crystals. In this process, the micropores surrounding the macropores 402 supply the salt solution to form the liquid film or to penetrate the salt crust. As this salt crust 403 grows freely in the macropore, we can consider this crystallization as a harmless efflorescence 404 within the porous structure. These crystals grow under unconfined conditions, meaning that 405 they are not enclosed by the pore wall. In the microcracks and pores originating from 406 delamination of the ooids and in the small pores of the intergranular macroporosity, salt 407 crystals fill up the pore space, i.e. they grow under confined conditions. In these locations, 408 potentially high crystallization pressures can develop and induce crystallization damage. 409 Therefore, we can conclude that salt crystals can precipitate under unconfined as well as 410 confined conditions in multiple pore systems depending on their interconnection. Within the 411 obtained spatial resolution, we find harmless crystallization in the large macropores (hundreds 412 of µm range) and potentially harmful crystallization in the mechanically weaker zones created 413 by the secondary fracture porosity (tenths of µm range). The same observations were made 414 for the sample Ds, for which a close-up of the first and the fourth cycle is given in Figure 10 . 415 Two hollow ooids are indicated by the white arrows in Figure 10a . Inside these ooids, a salt 416 crust of Na 2 SO 4 grows. Two delaminated ooids are circled in Figure 10a . The amount of 417 crystals increases in their secondary fracture porosity. 418 419
Salt crystal distribution after cooling 420
Sample Cs is capillary saturated with a 2.8 molal sodium sulfate solution at 40°C and 421 consecutively cooled to a temperature of -6°C in the experimental setup. A vertical cross 422 section of the sample is given in Figure 11 . The image shows the state of the sample after 10 423 minutes of cooling. The total porosity amounts to 24.9%. The hydrated salt crystals occupy 424 the porosity is filled by air. We observe that large hydrated crystals form in the macropores; a 426 close-up of one macropore is given in Figure 12 . The crystal shape in Figure 12 has a 427 (bi)pyramidal structure, which is the shape reported for heptahydrate crystals. The 428 crystallization in the macropore magnified in Figure 11 (inset A) resembles only partly the 429 typical representation of crystallization in a cylindrical pore, as illustrated in the inset. The 430 liquid, the crystal and the gas phase coexist in the pore space. The crystal shape is however 431 more comlex than given by the schematic representation. The shape is determined by the 432 crystal phase and by the structure of the pore system in which it precipitates. In the 433 macropores that got filled by salt solution, the crystal is enclosed by the pore wall. Thus the 434 crystal is exposed to confined conditions and crystallization pressures can develop. Also in 435 the secondary fracture porosity, confined crystallization takes place. Inset B shows that inside 436 ooids with a microporous structure in their center, small crystals form in coexistence with the 437 liquid and the gas phase. As for the drying experiments, crystallization occurs in different 438 pore systems, i.e. in large and smaller pores, of the Savonnières limestone. The crystallization 439 is thus far more complex than what can be understood from a cylindrical capillary tube model. 440
We remark that our observations are particular for a small sample. In a large stone piece, the 441 macropores will be less filled, as they form the chambers of ink-bottle pores. Due to the need 442 for a small sample size and the application of the polyimide tape on sample Cs, creating 443 artificial pore space, more macropores got filled by the salt solution. 444 445
Discussion 446
The results suggest that salt crystals precipitate in all the pore systems of Savonnières 447 limestone. Crystals can partly fill the macropores as they can grow from the liquid film 448 present on the pore wall of the macropores. Crystals are also observed in the microporous 449 structure of the center of intact ooids. Furthermore, crystals form in microcracks and in pores 450 resulting from the delamination of ooids, or they can fill up small intergranular macropores. 451
452
The most important observation, with respect to salt crystallization damage, is that both salt 453 solution and salt crystals are present in mechanically weak zones of the stone, where there is 454 less cohesion between the ooids and the calcite matrix (Figure 3a) or between the calcite 455 grains. In the initial material matrix, weaknesses can already be present as microcracks 456 crossing the ooids and the calcite grains, as illustrated in Figure 3b . The weak zones originate 457 from the secondary fracture porosity. One can imagine that when crystallization pressures act 458 in these pores, the pore walls are pushed apart and these 'fracture pores' open further, by 459 which macroscopic fracturing can propagate in the structure. Therefore we deduce that cracks 460 can form in Savonnières limestone due to confined in-pore salt crystallization. Figure 13a Furthermore, the results presented in this paper show that synchrotron X-ray µCT is a 492 valuable tool to examine crystallization processes occurring in the pore space of porous 493 building materials. It allows locating the distribution of salt solutions and of salt crystals in 494 the pore space, and assessing if the location coincides with mechanically weaker zones, i.e. 495 pre-existing flaws, in the original material structure. The pore filling by salt solution and salt 496 crystals can be evaluated in a non-destructive way, which allows studying repeated 497 crystallization cycles and the distribution of solutions and hydrated crystals. We have shown 498 that using simultaneous phase-and-amplitude-retrieval during reconstruction of a 499 monomineralic limestone allows for a clear segmentation of salt solution, hydrated salt 500 crystals and air in its pore space. No contrast enhancement by the use of a specific salt or a 501 dopant is needed, by which the crystallization kinetics remain unaltered. This technique could 502 be useful in the future to study freezing processes inside porous structures in 3D. In order to 503 visualize a representative volume of the pore space, the voxel size of our study is 3.7 µm. As 504 a consequence, we could not observe the processes taking place in the microporosity of the 505 stone. Future work could focus only on a part of the representative volume, using local 506 tomography or 3D X-ray nano imaging (2) the intergranular micropores in between the sparitic calcite crystals, (3) the intergranular 634 macropores and (4) the intragranular macropores. The pore systems 1a and 1b cannot be 635 resolved in the X-ray micro-computed tomography datasets as the voxel size is limited to 3.7 636 µm. 637 
